We analyze theoretically limitations on brightness enhancement of a multimode pump beam into a diffraction-limited Stokes beam in efficient cladding-pumped fiber Raman amplifiers. Firstly, the power-scaling of the 1 st Stokes (hence the brightness enhancement) is limited by the generation of the 2 nd order Stokes. Thus using a spectral waveguide filter such as a W-type fiber core, it is possible to improve this limit to nearly five times that of a normal fiber without spectral filter. Secondly, we analyze limits set by glass damage, propagation loss, and pump-signal pulse walk-off in the multimode fiber. We show that a well-designed fiber with a propagation loss of 3.5 dB/km allows for a pump-to-signal brightness improvement of over 1000 times for pulses longer than 40 ns and up to 3500 times in the cw regime.
INTRODUCTION
In recent years, we have demonstrated and analyzed continuous-wave (cw) and pulsed cladding-pumped fiber Raman amplifiers (CPFRAs) and lasers (CPFRLs) at ~1.66 μm [1] [2] [3] [4] and ~1.1 μm 5 . In the CPFRA approach, a low-brightness multimode pump wave that propagates in a passive double-clad fiber is converted through stimulated Raman scattering (SRS) into a diffraction-limited Stokes wave that propagates in the embedded core of the fiber. Thus, the operation of a CPFRA is similar to that of a rare-earth doped double-clad fiber device and often, their brightness enhancement properties are most important. Beyond this, a CPFRA offers some unique advantages such as wavelength agility (determined by the pump wavelength and limited only by the transparency range of the fiber), very high gain in the pulsed regime with pulsed pumping 2, 4 (without being limited by amplified spontaneous emission like in rare-earth doped fiber since there is no energy stored), and a low relative quantum defect, in particular at shorter wavelengths.
In this paper, we discuss the combined effects of 2 nd Stokes generation, material damage and walk-off on the brightness enhancement capabilities of CPRFAs and show that an appropriate design of a W-type double-clad Raman fiber (DCRF) can improve the brightness by more than 3500 times.
LIMITATIONS ON BRIGHTNESS ENHANCEMENT

Cladding-to-core area ratio requirement
In Ref. 2 , we have discussed the design requirements for efficient CPFRAs based on fibers with basic step-index refractive-index profiles for both core and cladding. We briefly repeat it here. The gain for the 2 nd Stokes and the operating nonlinear pump depletion should fulfill (Eq. (13) 
where G 2 is the gain in nepers at the 2 nd Stokes and ζ 0 is the nonlinear depletion of the pump induced by the 1 st Stokes. The reason is that the 2 nd Stokes Raman gain must be smaller than ~16 Np 6 to avoid the growth of the 2 nd Stokes while the nonlinear pump depletion must be at least 2 Np (~9 dB) for efficient Raman conversion from pump to Stokes. If we neglect Stokes-orders beyond the 2 nd order, and further ignore background loss as well as the small gain generated directly by the pump at the 2 nd Stokes, we can relate Eq. (1) directly to the fiber geometry:
*juj@orc.soton.ac.uk; phone +44(0)23-80599091; fax +44(0)23-80593149. Here, λ 0 , and λ 1 are the wavelengths of the Raman pump and 1 st Stokes, respectively, and A i is the area and a i is the radius of the core or inner cladding (subscript i = core or clad). Therefore, for a given core size, the inner-cladding area must be restricted to ensure that the pump power can be efficiently transferred to the 1 st Stokes before the 2 nd Stokes is generated. Otherwise, the 2 nd Stokes will inevitably build up before the pump is transferred into the 1 st Stokes. Equation 2 follows from the symmetry of SRS in terms of Raman gain on the Stokes side and nonlinear depletion on the antiStokes side of the 1 st Stokes, and the effective-area dependence (See Eq. (11) and Eq. (12) in Ref.
2).
It would be helpful to relax the restriction of the geometry described by Eq. (2), so that larger inner claddings and lowerbrightness pump sources can be employed. This is possible if we introduce a loss at the 2 nd Stokes wavelength to prevent the growth of the 2 nd Stokes power through SRS. A waveguide filter such as a W-type fiber 7 , is one method for introducing a high loss at longer wavelengths (i.e., at the 2 nd Stokes) while keeping the loss lower at the 1 st Stokes.
With a waveguide filter, Eq. (1) should be modified as:
where α 2 is the loss per unit length at the 2 nd Stokes and L is the fiber length. Again using Eq. (11) 
where we have used that with loss, the condition for avoiding build-up of the 2 nd Stokes becomes . 16
Therefore, the area ratio condition in Eq. (2) is relaxed and the inner cladding area can be increased for a given core size.
However, it is not enough to just consider the Raman gain peak. The waveguide filter also induces losses at the wavelengths shorter than the 2 nd Stokes peak wavelength, and the loss increases gradually from the 1 st Stokes wavelength to the 2 nd Stokes peak wavelength. At the same time, the Raman gain coefficient for the 2 nd Stokes also increases gradually for wavelengths λ i in the range λ 1 ≤ λ i < λ 2 . Depending on which increases faster, the real area ratio limitation may then peak at the intrinsic Raman gain peak wavelength λ 2 , or at some shorter wavelength in the range λ 1 ≤ λ i < λ 2 .
Mathematically, Eq. (4) should be modified as follows:
where g(λ 1 , λ i ) is the Raman gain coefficient at λ i with a pump-wave at λ 1 .This condition must hold across the spectral range from λ 1 to λ 2 , so the condition of Eq. (6) becomes wavelength-dependent.
Based on these parameters, we optimized our fiber design (additional details on the fiber design can be found in Ref. 8 ).
The parameters of our proposed DCRF design are given in Fig. 1 . The core radius, depressed region radius, and cladding radius are 9 μm, 18 μm, and 52.5 μm respectively, while the corresponding refractive indices are 1.4589, 1.44 and 1.457 respectively. Through the design, the area ratio is improved to about 34 with relatively large core area. Thus, the area ratio limits given by Eq. (2) is relaxed. This will be helpful to improve the brightness enhancement factor. It is worth noting that this designed fiber will be suitable for pumping through commercial tapered fiber bundles, which can make such devices more compact and compelling. 
Core damage limitation
Core damage can set an additional limit on the area ratio, since a high pump intensity combined with a larger area ratio may well lead to a 1 st -Stokes intensity in the core that exceeds the material damage threshold. Thus, if a pump of intensity I p is launched into the inner cladding of a fiber, the area ratio must fulfill the following relation:
where I s Max is the damage intensity (for the signal) at pulse duration τ , and η is the conversion efficiency.
Pulse duration (ns) The conversion efficiency may be as high as ~ 80% in lossless DCRF; here we use a value of 68.7% for our calculations. This corresponds to a pump depletion of 2 Np (86.5%) and a total background loss of 1 dB (~20%) for the whole DCRF. The damage threshold is assumed to be 500 W/μm 2 for a 1 ns pulse, which is a value commonly adopted for bulk fused silica 9 . Furthermore, the dependence of the damage threshold on the pulse duration is assumed to follow a square-root law 10, 11 . Thus, the area ratio limit depends on the pulse duration, too. This is shown in Fig. 2 , for different pump intensities, which correspond to different fiber lengths, according to Eq. (8):
where g (λ 0, λ 1 ) is the Raman gain coefficient and G 1 is the Raman gain for the 1 st Stokes. The area ratio limit (= 34) of our designed W-type fiber resulting from the 2 nd Stokes generation is shown as well. Therefore, Fig. 2 indicates that for this fiber, it is the damage threshold rather than the 2 nd Stokes that limits the area ratio for pulses longer than 20 ns with a pump intensity of 5 W/μm 2 . This pump intensity allows for a maximum propagation loss of 17.5 dB/km in a 57 m long fiber, if efficient operation is to be maintained (i.e., if the total fiber loss is to remain below 1 dB). If the propagation loss is higher than this, shorter fibers and higher pump intensities are required, which further limit the area ratio. For pulse duration of 625 ns, the damage threshold for pulses reaches the (conventional) cw damage threshold of 20 W/μm 2 12 , according to the damage equations we use. Therefore, data for 625 ns pulses, i.e., the longest duration shown in Fig. 2 , actually correspond to the cw regime.
Pump-signal pulse walk-off limitation
We must also consider the walk-off that takes place between pulses at different wavelengths and in different modes in multimode fibers. In a CPFRA, this is important since the energy is directly transferred from the pump to the Stokes waves, so these must coincide for efficient operation. In addition, the pump and signal pulses can experience temporal broadening. These effects limit the brightness enhancement by limiting the pump-NA that can be used. The pumpsignal walk-off depends on the differences in group velocities between the signal mode in the core and the pump modes in the cladding, which in turn depend on the fiber design, the material dispersion, the wavelengths, and which pump modes are excited. If the walk-off length is shorter than the fiber length needed for pump-to-signal energy transfer in the CPFRA, it will reduce the energy conversion efficiency. Here, we will only attempt an approximate analysis of this effect. For this, we consider the pulse broadening of light propagating in a multimode step-index fiber, i.e., the pump light in the cladding in our example. We will assumes that the signal and pump pulses are initially temporally matched. Note that experimentally, we often use a configuration in which the signal pulses build up from a cw seed signal. Then, the pump and signal pulses do coincide temporally. Furthermore, since the signal is assumed to be in a single mode, we neglect dispersion of the signal pulse. By contrast, the multimode pump pulse does broaden, through modal dispersion. The pump pulse as a whole may also walk away from the signal. However, we assume that the signal remains within the envelope of the pump pulse, i.e., that there are pump modes with higher as well as lower group velocity than the signal mode. This is typically the case. We also assume that the pump intensity is inversely proportional to the pulse duration. Thus, the broadening leads to a decrease in pump intensity. As before, we stipulate that for efficient conversion, this decrease should be no more than 1 dB (20%) over the length of the fiber, and thus that the pulse should broaden by no more than 25%. In a multimode step-index fiber, the pulse broadening is given by 13 :
where c is the speed of light in vacuum, n core is the core refractive index, NA clad is the numerical aperture of the inner cladding and L is the device length.
From this, we can solve the maximum allowable pump NA for which the pump broadening Δτ = τ / 4. This depends on the fiber length as well as the pulse duration. We get, (10) Note that even if the inner cladding supports a larger NA than that, it is still possible to operate with a lower pump-NA by under-filling the inner cladding.
In the absence of background loss and of any 2 nd Stokes, L is calculated according to Eq. (8). Equation (10) then limits the inner cladding NA that can be used in a pulsed cladding-pumped fiber Raman amplifier. This depends on the fiber length, and therefore, according to Eq. (8), on the pump intensity.
Pulse duration (ns) Based on this analysis, we can plot the maximum pump-NA vs. pulse duration for different pump intensities. See Fig. 3 . At the same time, also the refractive indices of the used materials limit the inner cladding NA that we can use. This is also plotted in Fig. 3 , with a value of 0.46 corresponding to the inner-cladding NA typically obtained with a pure silica inner cladding and a fluorinated-polymer outer cladding.
BRIGHTNESS ENHANCEMENT LIMITS
The limits on the area ratio set by the parasitic 2 nd Stokes and by optical damage, combined with the limit on the inner cladding NA set by materials and walk-off, determine the brightness enhancement we can achieve. This can be expressed as below, where B out and B in are the signal output and pump input brightnesses, respectively, and P 1 (L) is the signal output power in the core (1 st Stokes power), while the input pump power P 0 (0) is launched into the core and inner cladding. Furthermore, V clad and V core are the V-numbers of the inner cladding and core. If the signal is assumed to be always single-moded, equation (11) . For our designed fiber with 18 μm core diameter, we can now calculate the maximum brightness enhancement achievable in a pulsed CPFRA based on Eq. (2) -Eq. (12) . This is shown in the Fig. 4 , against the pulse duration under different pump intensities for three different inner-cladding NAs. In Fig. 4(a) , the inner-cladding NA is 0.22, which is typical for low loss all-glass fiber. In Fig. 4 (b) the inner cladding NA is 0.46, which is typical in case of a low-index polymer outer cladding. Finally, in Fig. 4 (c) the inner cladding NA is 0.82, which can be achieved with jacketed air-clad fibers 15 . For shorter pulse duration, pulse walk-off limits the brightness enhancement, while for longer pulses duration core damage sets the limit. In Fig. 4(a) , with a materials-limited pump-NA of 0.22, the central flat section originates when the 2 nd Stokes generation rather than damage, limits the area ratio and the fiber materials rather than walk-off limit the pump-NA. With increased NA such as in Fig. 4(b) , this limit is never reached. Thus for well-design DCRF with 0.46 inner cladding NA and background loss of f 3.5 dB/km, we find a maximum brightness enhancement factor of 2000. For jacketed air-clad fibers, the brightness enhancement factor can be as high as 3500.
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CONCLUSION
In conclusion, we have analyzed limits on brightness enhancement in cladding-pumped fiber Raman amplifiers. One limit arises from the appearance of the 2 nd Stokes, if the inner cladding/core area ratio is too large. We propose a fiber design with a W-type core, which provides a spectrally sharp bend loss that helps to suppress the 2 nd Stokes. The designed fiber has an 18 μm diameter core and a 105 μm diameter inner cladding, corresponding to an inner cladding / core area ratio of 34. This should allow the use of pump sources with relatively poor beam quality.
We have also analyzed the limit induced by optical damage in the pulsed regime, and relate it to the propagation loss of the Raman fiber. Again, this limits the area ratio that can be used. Finally, we considered the effect of walk-off between the pump modes and the signal mode, and show that this is the dominant limitation factor in the short-pulse regime (i.e., 10 ns or less).
Taken into account these limits, we have found that a brightness enhancement of over 3500 can be achieved in efficient CPFRA, making that kind of amplifier suitable for high peak powers amplification). Although this is for a particular case with a total fiber loss of 1 dB, similar values are expected to hold for other reasonable parameters.
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